In this work, we present an extensive theoretical analysis of nonlinear optical waveguide sensor. The waveguide under consideration consists of a thin dielectric film surrounded by a self focused nonlinear cladding and a linear substrate. The nonlinearity of the cladding is considered to be of Kerr-type. Both cases when the effective refractive index is greater and when it is smaller than the index of the guiding layer are discussed. The sensitivity of the effective refractive index to any change in the cladding index in evanescent optical waveguide sensor is derived for TM modes. Closed form analytical expressions and normalized charts are given to provide the conditions required for the sensor to exhibit its maximum sensitivity. The results are compared with those of the well known linear evanescent waveguide sensors.
Introduction
For the last two decades, planar optical waveguides have been studied intensively as sensor elements (1) (2) (3) (4) . Optical sensors utilize the modification of chemical measurands to optical properties such as intensity, phase, frequency and polarization of an input optical signal. Optical chemical sensors have immunity to electromagnetic interference, have no danger of ignition, field resistant, small sized, safe when used in aggressive environments and mechanically stable. Such kinds of sensor are useful for highly sensitive analysis and monitoring of hazardous environments.
The essential part of a waveguide sensor consists of a high refractive index waveguiding film sandwiched between a substrate and the sample medium to be analyzed, sometimes called the "analyte". In most cases the substrate is a solid material, which has a refractive index lager than that of the analyte. Such a sensor is called normal symmetry sensor (5) (6) (7) (8) .
For the sake of power enhancement in the covering medium and hence sensitivity enhancement, sensors of reverse configurations were introduced (9) (10) for which the refractive index of the substrate is chosen to be less than that of the analyte. The recent introduction of reverse symmetry waveguides has resulted in high sensitivity sensors.
When a light beam is injected into a planar waveguide, the light is guided through the guiding layer by a series of total internal reflections at the core-cladding interface. A standing wave, also known as an evanescent wave, is formed at each point of total internal reflection along the propagation direction. The evanescent wave distributes a small part of the light into the covering medium to a distance comparable with the wavelength of the guided light. This evanescent wave is responsible for the sensing operation. When an analyte is placed in the evanescent field, change is observed in the absorption or phase shift of the light propagating in the waveguide, giving an indication of the concentration or refractive index of the analyte. This interaction between the analyte and evanescent field can be observed with spectroscopic techniques. One of the most important quantities in the field of sensing is the effective refractive index (N) of the guided mode which is given by N = c/v ph , where c is the speed of light in vacuum and v ph is the phase velocity. A change is induced in the effective refractive for any evanescent wave-analyte interaction. This is the basic integrated optical sensor effect. The effective refractive index changes can be induced by the formation of ultrathin film at the waveguide-cover interface (surface sensing) or by a change in the cladding refractive index when the measurand is homogeneously distributed in the cover (homogeneous sensing). Surface sensing has been used for the detection of ultrathin biological molecular layers of thickness much smaller than the wavelength of the guided light. Such a sensing scheme is currently the subject of keen interest in pharmaceutical applications such as immunoassays. It is also of interest in chemical sensing schemes where the optochemical transducing mechanism involves an ultrathin surface layer. Homogeneous sensing has a wide range of applications such as detection of harmful gases (methane, CO 2 , SO 2 ), monitoring pollutants in water and detecting the concentrations of certain chemical in blood.
A normalized analysis (11) , for the design of evanescent wave sensors was carried out and the condition for the maximum achievable sensitivity was also derived for both linear TE and TM waveguide sensors. In this paper, we present an extensive theoretical analysis of nonlinear sensors in which the guiding film is surrounded by a linear substrate and a self-focusing Kerr type nonlinear cladding. The sensitivity of the sensor will be derived and the requirements for reaching the maximum sensitivity will be determined for TM modes. A comparison of our results with those of linear sensors will be presented.
Theory
Here we are primarily interested in examining the behavior of nonlinear slab waveguides in sensing applications. We have confined our attention to p-polarized waves propagating in a thin film that exhibits no nonlinearity. The covering medium has an intensity-dependent dielectric constant of the form (12) (13) 
where α' is the nonlinearity constant and ε c is the linear part of the permittivity. We will restrict our study to the self focusing nonlinearity (α' > 0). The geometry of the nonlinear waveguide sensor is shown in 
k 0 is the free space wave number, ) (
is a constant related to the field distribution in the covering medium, i.e., the field peaks at z = z c (14) (15) , and q f is given by, 
For sensing purposes, the optical wave-guide structure has to be designed to assure a high sensitivity, that is the sensor response for changes z nonlinear cover in the optical properties of the cover medium has to be as high as possible. The sensitivity depends on the strength and distribution of the evanescent field in the cladding (16) . In the next step, we will evaluate the sensitivity of the nonlinear sensor when the change in the refractive index of the clad is homogeneously distributed in the cover. In this case, the sensitivity is evaluated as the rate of change of the effective refractive index of the guided mode under an index change of the cover ( 
where m is the mode order. One of the most important aims of this work is to provide the designer with the optimum dimensions of the proposed sensor so that the sensor will exhibit its maximum sensing sensitivity. The condition of maximum sensitivity in a structure of constant ε f , ε s and ε c is achieved by cancellation of the derivative of S h with respect to the normalized width k o h. That is:
that the condition of maximum sensitivity is attained if the derivative of S h with respect to X s vanishes. Applying this to equations (8) we get The condition for maximum sensing sensitivity for N 2 > ε f can be written as, The solution of each of the equations (14) and (21) is one value of the normalized index X s for each pair of the asymmetry parameters (a s , a c ). Substituting the X s solutions into the dispersion equations, we get the values of waveguide thickness (h) needed for the designer so that the proposed sensor will work in the region of maximum sensitivity. It is interesting to locate the optimum value of h with respect to the cut-off of the sensing mode. At cut-off, the effective index N approaches the substrate index n s and the evanescent field in the substrate approaches infinity for the traditional waveguide geometry (n s > n c ). No power flows in the cladding and the effective index does not feel the changes occur in the index of the cover. The slab waveguide is not a sensor any more at cutoff. The waveguide thickness at cut-off for the fundamental mode can be obtained from expressions (8) 
Results AND DISCUSSION:
The formalism above enables the designer to find the required parameters to construct an optical sensor for ppolarized waves and to choose the optimum parameters ensuring maximum sensitivity. The procedure to retrieve these parameters and to find the maximum sensitivity that can be achieved is as follows. The condition required for the sensor to exhibit its maximum sensing sensitivity is given by Eq. (14) for ε f > N 2 and by Eq. (21) for ε f < N 2 . Given the asymmetry parameters (a s , a c ) and making use of Eq. (6) to substitute for X c in terms of X s , Eq. (14) and Eq. (21) become functions of X s only. The solution to each of them is one value of the normalized refractive index X s for each pair of the asymmetry parameters. The effective refractive index N corresponding to the optimum value of X s is given by expression (7) . The thickness of the waveguide ensuring maximum sensitivity can be found by substituting the optimum value of X s into Eq. (8a) for ε f > N 2 and into Eq. (8b) for ε f < N 2 . The numerical calculations were performed with n f = 2, λ = 1550nm and tanhc = o.6. We will restrict ourselves to the fundamental mode (m = 0), which is most often the case because it has the highest sensitivity compared with higher modes (11) . However, our analytical expressions are valid for any mode order m. The present work is limited to conventional symmetry, a configuration for which n s > n c , except in fig. (7) , we investigated the behavior of the sensor in case of reverse symmetry. The sensitivity of the proposed sensor was plotted with the asymmetry parameters a c and a s in Fig. 2 and in Fig. 3 respectively. The figures show that the sensitivity increases with increasing a c and decreases with increasing a s . This is a normal behavior since the sensing operation is performed by the evanescent optical field extending from the thin guiding film into the covering medium. To obtain high sensitivity, it is essential to get as much of the optical power as possible to propagate in the cover. In this sense, increasing a c and decreasing a s will enhance the power fraction flowing in the cladding medium. A comparison between linear sensors (tanhC = 1 in expressions 8), and nonlinear sensors is also shown in Fig. 2 and Fig. 3 . The nonlinear sensitivities are shown to have higher values than the corresponding linear sensitivities when the effective index is less than the index of the guiding layer. Fig. 4 shows the sensitivity as a function of the slab waveguide thickness for two values of a c . The sensitivity has a peak at a specific value of h, which we call the optimum value oh h, and this peak is shifted towards lower values of h and higher values of the sensitivity with increasing a c . At small values of h near cut-off, the sensitivity approaches zero since the effective refractive index approaches the index of the substrate and the fraction of power flowing in the clad vanishes. To the right of this peak, we can see the sensitivity increases as the core thickness diminishes due to a less confinement of light within the core, which implies an increase of the power of the guided mode transported in the cover medium. At relatively very high values of h, the sensitivity again approaches zero due to the high confinement of light within the core. For the sake of comparison, the sensitivity was plotted with h in Fig. 5 for N < n f , N > n f and for the linear case. Again the nonlinear sensor with effective refractive index less than the film index has higher sensitivities. To show the behavior of the sensor for different light polarization, we plotted the sensitivity with the core thickness for TM o and TE o modes in Fig. 6 . We see that the sensitivity in TM o has higher values at thicker thicknesses. Therefore, TM configuration is recommended. In Fig. 7 we demonstrate a reverse symmetry waveguide sensor (n s < n c ), which exhibits much higher sensitivity than a conventional waveguide sensor. The reason of this behavior is the power considerations. In principle, this configuration (reverse symmetry) allows most of the optical power to present in the covering medium which is contrary to the conventional waveguide geometry, where typically less than 10% of the total power is present in the cladding medium. The configuration considered in this work is the normal symmetry since it is the case of most practical cases and our interest here is dedicated to the effect of nonlinearity on the sensitivity. Fig.  8 demonstrates the effect of light wavelength on the performance of the sensor. As the wavelength increases, the core thickness corresponding to the maximum sensitivity increases whereas maximum value of the sensitivity doesn't change with λ. Thus λ is a determinant parameter for the thickness at which the maximum sensitivity occurs. The close connection between the sensitivity of the proposed sensor and the fraction of power flowing in the cover is shown in Fig. 9 and Fig. 10 . Their behavior is almost identical thus the enhancement of the fraction of power flowing in the clad is essential for sensing applications. The variation of the sensitivity with the term tanhC, which arises from the nonlinearity of the clad, is plotted in Fig. 11 . As the term tanhC goes to one in expressions (8), we obtain the well known characteristic equations for linear waveguides. The figure shows the sensitivity to have the minimum value as tanhC goes to one. We believe that nonlinear sensors have higher sensitivities than linear one's and can improve the performance of optical sensors. Finally, we present the procedure that should be followed by the designer to construct the proposed sensor with the optimum parameters. Expressions (14) and (21) contain the condition required for the sensor to exhibit it's maximum sensing sensitivity. Plotting these expressions gives the surface X s (a s , a c ) in Fig. 12 for N < n f and the surface X s (a s , a c ) in Fig. 13 for N > n f . All the necessary information to construct the optimized sensor is contained in the surface X s (a s , a c ) and the above set of equations. A typical way of proceeding is as follow. Usually the choice of the cover material is determined by the sensor usage, thus its nominal index n c . The substrate material and its refractive index n s result from a choice taking into consideration temperature, mechanical stability and cost criteria. The optical and chemical stability are the criteria considered in the choice of the guiding layer material. Once the refractive indices of the three layers and the asymmetry parameters a s and a c are determined, the designer should refer to Fig. 12 for N < n f or to Fig. 13 for N > n f to find the optimum value of X s which provides the highest sensitivity.
The optimum values of the normalized variable X c , effective index N, and the guiding layer thickness h are obtained by substituting the optimum value of X s into Eq. (6), Eq. (7) and Eq. (2) respectively. The maximum achievable sensitivity is obtained by substituting these values into expressions (8) . To clarify this procedure, we consider the following example for N < n f . Let us consider a s = 0.31 and a c = 0.3. The solution of Eq. (14) , Fig. (12) , gives X s (optimum) = 0.3872. Introducing this value into Eq. (2a) with the help of Eq. (6) and Eq. (7) yields the optimum value of the film thickness, h (optimum) = 0.265µm. Making use of Eq. (8a), the maximum achievable sensitivity is found to be S max = 0.55. This is the highest sensitivity for the proposed values of refractive indices. The cut-off thickness was also calculated using Eq. (26) and the result was h cut-off = 0.0417 µm. In (15) , we presented the same work for TE modes. For the same values of a s and a c , we calculated the optimum parameters for TE o mode. The results were X s (optimum) = 0.2127, h (optimum) = 0.06µm, S max = 0.437 and h cut-off = 0.013 µm. Inspection of these results reveals that for TE modes, the configurations exhibiting the maximum sensitivity correspond to the proximity of the cutoff whereas for TM modes, the configurations of maximum sensitivity correspond to larger distances from cut-off. Moreover, the maximum sensitivity for TM modes has higher values. In most practical cases, it is advantageous to use TM o modes.
CONCLUSION:
In this paper, a nonlinear slab waveguide was analyzed as an optical sensor. The sensitivity of the proposed sensor was studied with various parameters of the structure. The procedure to get the highest output of the sensor was shown.
In conclusion, we emphasize that nonlinear sensors can improve the performance of optical sensors. We recommend TM modes with the effective refractive index less than the index of the core medium. 
